[ research report ] U U BACKGROUND: It has been proposed that training intensity and training volume are associated with specific running-related injuries. If such an association exists, secondary preventive measures could be initiated by clinicians, based on symptoms of a specific injury diagnosis.
® R unning-related injury (RRI) is a problem among people to whom running is part of a physically active lifestyle. 42 Because healthrelated benefits of running are the primary motivation for many runners, it is concerning that 31% of males and 18% of females who discontinue running over a 10-year period report injury as the main reason. 18, 23, 33 The predominant anatomical locations of injury include the foot, lower leg, and knee, with medial tibial stress syndrome, patellofemoral pain, Achilles tendinopathy, and plantar fasciitis being the common diagnoses reported by health care professionals. 24, 32, 44 However, the mechanism of these injuries remains uncertain. 20 Importantly, a runner's susceptibility to injury, as described in dynamic models of etiology, is highly dependent on running participation. 25, 46 Therefore, to effectively examine the etiology of specific RRIs, it is necessary to understand the role of specific training-related variables, such as running volume and intensity, in RRI. 28 A theoretical association between specific injuries and the training variables of running volume and running intensity has been proposed, based on epidemiological and biomechanical findings. 30 More precisely, sudden increases in running volume were hypothesized to be associated with an increased risk of patellofemoral pain, iliotibial band friction syndrome, and patellar tendinopathy, while sudden increases in running intensity were assumed to be associated with Achilles tendinopathy, plantar fasciitis, and gastrocnemius injuries. 30 This theoretical assumption was explored in a data set from an observational cohort study, concluding that a progression of 30% or greater, compared with a progression of 10% or less, in running distance over a 2-week period was associated with a 59% greater volume-related injury rate. 31 Therefore, injuries such as patellofemoral pain, iliotibial band friction syndrome, and patellar tendinopathy were labeled as volume-related injuries.
Biomechanical findings from 2 studies by Petersen et al 35, 36 also contribute positively to this suggested association. First, a greater increase in load of ankle joint plantar flexors, compared with knee joint extensors, with increased running speed was observed. 35 Second, the cumulative load at the knee joint increased more with slow-speed running, compared to faster running, at a given distance. 36 Consequently, Achilles tendinopathy, plantar fasciitis, and gastrocnemius injuries were labeled as intensity-related injuries.
If these assumptions are true, then such knowledge would make an important contribution to load management in injury prevention and could improve the efficiency of both primary prevention, using online tailored advice, and secondary prevention by modifying running based on symptoms of injury. 8, 10, 15 However, before runners and clinicians apply preventive measures based on this knowledge, additional research to support the hypotheses surrounding volume-related and intensity-related injuries is necessary. The Run Clever trial aimed to conduct a training schedule intervention study, investigating the following hypothesis: (1) a running schedule focusing on intensity would increase the risk of sustaining Achilles tendinopathy, gastrocnemius injuries, and plantar fasciitis (ie, intensity RRIs) compared with those categorized as volume RRIs; and (2) a running schedule focusing on running volume would increase the risk of sustaining patellofemoral pain syndrome, iliotibial band syndrome, and patellar tendinopathy (ie, volume RRIs) compared with those categorized as intensity RRIs.
METHODS

T
he Run Clever trial was approved by the Danish Data Protection Agency and the Northern Region Ethics Committee, Denmark (N-20140069). All included participants received written and verbal information about the aim of the Run Clever trial, and provided verbal and written consent to participate. Prior to recruitment, the trial was registered at www.clinicaltrials. gov (January 23, 2015; NCT02349373) and the trial protocol was published. 38 An in-depth description of methods, intervention content, and outcome assessment can be found in the published protocol. Participants were included and followed from April 2015 to March 2016. Reporting according to the 2010 Consolidated Standards of Reporting Trials was followed, with the exception that power or sample-size calculation (item 7a) and relative effect sizes (item 17b) are not reported.
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Design
Using a randomized parallel-group design, recreational runners were randomized at enrollment to one of two 24-week interventions. The initial 8 weeks (preconditioning period) of the intervention functioned as physical preparation, with all runners following a similar running schedule. During the final 16 weeks, runners followed 1 of 2 running schedules based on their randomization: (1) running schedule intensity (S-I) focused on increasing the weekly volume of running intensity (ie, greater percentage of training at hard intensity), or (2) running schedule volume (S-V) focused on increasing total weekly running volume. Specific injury diagnoses collected as secondary outcomes were used to test the hypotheses.
Participants
Eligible participants were healthy recreational runners between 18 and 65 years of age who owned an iOS-or Androidbased smartphone. A recreational runner was operationally defined as one who runs 1 to 3 times per week for at least 6 consecutive months. Runners interested in participating answered an internetbased questionnaire, distributed through social media, magazines, and announcements of the trial in running stores and clubs. Researchers accessed the submitted questionnaires and assessed participation eligibility.
Runners were excluded from participation if they reported having had an injury within the past 6 months or being pregnant, or if vigorous physical activity was contraindicated.
3 Before inclusion, researchers contacted eligible participants by telephone and provided verbal information, instructions on the rigidity of the running schedules, the weekly administration of the Oslo Sports Trauma Research Center Overuse Injury Questionnaire, 6 and the global positioning system-based data collection. At baseline, all included participants provided self-reported information on sex, age, height, weight, previous RRIs, and
running experience. Baseline height and weight were used to calculate body mass index.
Data Collection
An internet-based, trial-specific system was used to collect data. Only researchers working on the Run Clever trial had access to the back-end of the system. Through the back-end system, researchers could administer the running schedule interventions to individual participants, follow up on performed running, administer questionnaires, and review submitted questionnaires. Participants were provided with access to a personal internet-based training diary and a smartphone application. The smartphone application synchronized with the global positioning system unit in the smartphone, and data on running performed were collected and uploaded to the runner's internet-based training diary. Further, the smartphone application provided runners with real-time feedback during running on adherence to the scheduled running intensity, running volume, and rest periods, when the scheduled running involved interval running.
Interventions
Both running schedules involved running 3 times per week and followed a 4-week periodization cycle that was repeated a total of 6 times. The first week in every cycle involved a 23% progression in running volume. The second and third weeks were adaptation weeks, with 0% progression in running. The fourth week had a regression in running volume of 10%. 5 Running frequency and structure of the 4-week periodization cycle were constant during the entire 24-week intervention (8-week preconditioning and 16-week specific-focus training).
The initial 8 weeks (preconditioning) of both groups followed a similar running schedule. The beginning weekly volume of running was 15 km at an easy intensity. After the first 4-week periodization cycle, weekly running volume progressed 23%, based on the scheduled running volume in the preceding regression week, resulting in 3 km of running at moderate intensity being introduced into the running schedule. The 4-week periodization cycle was repeated 1 more time during the preconditioning period.
During the subsequent 16-week, specific-focus training period, S-V progressed the total weekly running volume and S-I progressed the proportion of weekly running at a hard intensity. Specifically, progression/regression of running in S-V consisted of a percentage change in total weekly kilometers. Progression/regression of running in S-I consisted of a percentage change in weekly kilometers at an intensity equal to or above 88% maximal oxygen consumption (VO 2 max) (hard intensity). The 4-week periodization cycle was repeated 4 times during the specificfocus training period.
Individual relative running intensity was estimated using field-based maximal running tests, incorporated into the participants' running schedules. Using an estimation of VDOT (measure of running performance, arbitrary unit), running intensities categorized as easy (80% VO 2 max or less), moderate (81%-87% VO-2 max), and hard (88% VO 2 max or greater) were prescribed. 7 Running tests were performed at baseline and every 8 weeks during follow-up. Detailed information on the content of the running schedule is presented in the protocol article.
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Outcome
The Oslo Sports Trauma Research Center Overuse Injury Questionnaire was screened weekly to identify participants reporting symptoms and time loss. An RRI was defined as "an injury sustained on muscles, joints, tendons, and/or bones during or after running and attributed to running. The injury must have caused a training reduction (reduced distance, intensity, frequency, etc) for at least 7 days." If a participant sustained an RRI, that individual was referred to a member of the diagnostic team of physical therapists. 5, 27 All physical therapists had volunteered to be part of a diagnostic team working without payment. Before the trial began, all members of the diagnostic team received information on the trial's purpose and were introduced to a standardized examination procedure and the diagnostic criteria to be used. 32 If diagnosis of the injured participant was impossible and the physical therapist deemed diagnostic imaging a necessity, then the participant was referred to the Department of Orthopaedics at Aarhus University Hospital (Aarhus, Denmark), or to the Department of Orthopaedics at Aalborg University Hospital (Aalborg, Denmark) for further examination and diagnostic imaging.
Power
In the design of the Run Clever trial, 38 power was calculated based on the primary hypothesis and, accordingly, the prespecified between-group risk difference of the primary outcome, RRI. The results of this primary objective have been published elsewhere. 39 The hypotheses investigated in the present study concerned secondary categorical outcomes, including specific RRI categories (ie, intensity and volume). Therefore, no power calculation based on the hypotheses and outcome was performed.
Randomization
Randomization was performed at inclusion, with the actual difference in intervention presenting itself after 8 weeks of running. The random allocation of participants to the S-I and S-V groups was applied through the trial-specific backend system. In blocks of 10, the back-end system randomly allocated participants to 1 of the 2 schedules. Group allocation was concealed from investigators until after inclusion. Members of the diagnostic team were blinded to group allocation, though they were informed of the aim of the Run Clever trial. 38 
Statistical Methods
The primary analytical approach was an instrumental variable analysis used to control for noncompliance, with randomization as the instrument. 13 Secondary analyses were based on intention-to-treat and per-protocol principles. Proportional completion of 80% or more of the scheduled running sessions was the percentage cutoff and was used to dichotomize compliance in the instrumental variable to control for confounding due to noncompliance. All participants who started a running session in the specific-focus training period were included in the intention-to-treat analysis. The per-protocol analysis only included compliant participants, utilizing the same percentage cutoff of 80% or greater.
Using the pseudo-observation method, a competing-risk analysis applying the Aalen-Johansen estimator was used to test the hypotheses. 21, 34, 37 Five categories of end points were included as competing risks in the analysis: intensityrelated injuries, volume-related injuries, Taunton RRI (injury diagnoses presented by Taunton et al, 44 but not included in the intensity category or volume category), other RRI (RRIs matching the time-loss definition but not 1 of the previous 3 categories), and non-RRI (non-RRIs causing a permanent cessation of running). All end-point categories were included in the analysis as possible outcomes, and the Aalen-Johansen estimator accounted for the occurrence of 1 end point, disqualifying the participant's possibility of experiencing a secondary end point. 29 Data were analyzed using follow-up time in weeks and days as the time scales. Differences in risk were analyzed at 2, 4, 8, and 16 weeks (14, 28, 56, and 112 days, respectively) after the beginning of the specific-focus training period.
Censoring, withdrawal of a participant at a specific time point before injury occurred and including only time at risk until the time point of censoring, was utilized in the analysis. 2, 29 Using different time scales allowed for censoring on a daily or weekly basis. 29 Participants were rightcensored in case of pregnancy, disease, lack of motivation, unwillingness to attend the clinical examination in case of injury, and when more than 10% of all training sessions were uploaded manually or at end of follow-up, whichever came first.
Estimates were presented as cumulative risk difference (risks were multiplied over time to take censoring into account) with 95% confidence interval (CI), and differences were considered statistically significant at P<.05. All analyses were performed using Stata/SE Version 13 (StataCorp LLC, College Station, TX).
RESULTS
O
f the 1535 persons assessed for eligibility, 839 were included and allocated to S-I (n = 419) and S-V (n = 420) groups (FIGURE 1). During preconditioning, 198 participants from the S-I group and 194 participants from the S-V group were censored. Of the participants who completed the preconditioning period, 140 (63%) of 221 participants [ research report ]
in the S-I group and 132 (58%) of the 226 participants in the S-V group completed the 24-week follow-up. The number of noninjured participants who were censored during the 16-week, specific-focus training period for reasons other than end of follow-up was 45 in the S-I group and 50 in the S-V group. A total of 231 participants completed 80% or more of all scheduled running sessions (S-I, n = 110; S-V, n = 121). Baseline characteristics are presented in TABLE 1.
Running-Related Injuries
A total of 80 (S-I, n = 36; S-V, n = 44) participants sustained an RRI during the specific-focus training period. Of the 80 injured participants, 41.3% sustained an RRI categorized either as intensity or volume related. In the S-I group, there were 8 (22.2%) intensity RRIs and 5 (13.9%) volume RRIs.
In the S-V group, there were 11 (25%) intensity RRIs and 9 (20.5%) volume RRIs. The frequency of RRI diagnoses is presented in 
Risk of Specific Injuries
Results from the competing-risk analysis are presented in TABLES 3 and 4. Estimated 
DISCUSSION
T
his is the first prospective study to use a randomized design to compare the effect of running intensity progression and running volume progression on the risk of specific RRIs in recreational runners. The hypothesis that running schedules focused on progression in intensity or volume would result in more runners sustaining intensity-or volume-related injuries was not supported by estimates of risk differences over the study period.
These results contrast the proposed association, the exploratory prospective study findings, and mechanistic biomechanical findings. 30, 31, 35, 36 However, possible reasons for this discrepancy could be (1) the periodization of the running schedules, (2) the scheduled running intensities, or (3) the categorizations of injuries.
The Periodization of Running Schedules
The importance of managing training load to avoid fatigue, illness, and injury is well recognized and was considered in the current trial when providing participants with running schedules. 9, 43 Ethical considerations concerning appropriate training-load progression supported the choice of a 4-week progression cycle. To allow participants time to adapt to the increased training, a theoretical step-loading approach was chosen and implemented using a 4-week periodization cycle. 4 Based on findings by Buist et al, 5 a progression in running volume of 23% between 2 weeks was incorporated into the steploading approach, followed by 2 adaptation weeks and a regression week.
Recently, the acute-chronic workload ratio has received much attention as a method of predicting injury likelihood.
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Applying the acute-chronic workload ratio to the progression in the specific-focus training period of emphasized training variables in both the S-I and S-V groups resulted in an acute-chronic workload ratio between 0.8 and 1.2, the range in which injury risk is considered low. Therefore, the change in training load (progression in running intensity or running volume) might not have been rapid or sudden enough to apply a combination of stress and frequency that would result in the proposed association. 19, 30 The definition of a rapid or sudden change in training load is probably not uniform across sports, and few studies within running have investigated how much of a progression is too much. At present, the limit for a biweekly progression is no greater than 30%.
5,11,31
TABLE 4
Risk of Volume RRI* [ research report ]
Abbreviations: RD, risk difference; RRI, running-related injury; S-I, schedule intensity; S-V, schedule volume. *Values are absolute percentage points unless otherwise indicated. When testing difference in risk of injuries related to volume (S-V), S-I was used as the reference group. † The risk of sustaining an injury among runners randomized to S-I. ‡ Values in parentheses are 95% confidence interval. A negative RD is protective, whereas a positive value is more injurious.
Analysis Time Point
The Intensity of Running
Absolute joint load and muscle force contributions increase with increased running speed. Further, with increased running speed, knee and ankle peak joint moments differ in increments at specific running speeds, possibly resulting in differences in structure-specific loads. 14, 35 However, at running speeds below 12 km/h, differences in peak joint moments of the ankle and knee seem to be less pronounced. 1, 14, 35 To accommodate individual differences in fitness levels, the scheduling of running intensity in the current trial was based on a measure of relative intensity. 12 Despite the interventional focus of S-I being a progression of a hard relative running intensity, only 8% of running sessions averaged an absolute intensity of 12 km/h or faster. Because all running sessions consisted of running at both easy and hard intensities, averaging absolute intensity might obscure the true amount of running performed at 12 km/h or faster. It is possible that only a small proportion of recreational runners achieve an average absolute running intensity of 12 km/h or faster. 16, 22 Surprisingly, 10% of the running sessions in the S-V group averaged an absolute running intensity of 12 km/h or faster. The reason for this result may be a compliance problem among participants in the S-I group, due to unfamiliarity with running at higher speeds and executing interval training or to beliefs related to excessive speed or pace; however, these explanations are speculative.
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Injury Categorization and RRI Diagnoses
Of the 80 RRIs, only 4 were caused by an isolated identifiable event related to running (eg, ankle distortion caused by a fall due to an icy path) and categorized as acute injuries. The remaining 76 RRIs were assumed to be related to overuse and were so categorized based on the diagnosis. The RRI diagnoses included in the intensity and volume categories have consistently been reported as some of the most frequent RRIs, emphasizing the importance of both primary and secondary preventive measures targeting these RRIs. 24, 31, 44 Only 1 study in the runninginjury literature, Nielsen et al, 31 categorized volume and intensity injuries in a way similar to that applied in the current trial. However, an important difference may be the categories used and the diagnoses within the different categories in the present study. Nielsen et al 31 utilized 2 additional categories: traumatic injury and other overuse injury, whereas the current trial utilized Taunton and non-RRI categories, as stated a priori, with the addition of the other RRI category. 31, 38 Further, as stated a priori, the current trial only included Achilles tendinopathy, gastrocnemius injuries, plantar fasciitis, patellar tendinopathy, patellofemoral pain, and iliotibial band syndrome as outcomes of interest. The total proportion of volume and intensity injuries in the current trial, therefore, was 41.3%. Of these, intensity RRIs were more frequent (23.8%) than volume RRIs (17.5%). This contrasts the findings of Nielsen et al, 31 in which additional diagnoses were categorized as an intensity RRI (tibial stress fracture, hamstring injury, iliopsoas injury) and a volume RRI (medial tibial stress syndrome, gluteus medius injury, greater trochanteric bursitis, tensor fascia latae injury). This expanded diagnosis inclusion resulted in a total proportion of 66.3% of all RRIs being volume and intensity injuries, with volume injuries (37.6%) being more frequent than intensity injuries (28.7%). Two sensitivity analyses have been performed to categorize injuries (1) as done by Nielsen et al 31 and (2) by anatomical region (APPENDICES C and D, available at www.jospt.org).
Limitations and Future Considerations
The large number of participants censored during preconditioning is a limitation. The purpose of preconditioning was to increase sample homogeneity related to the most recent running performed prior to the specific-focus training period. However, the possibility of unmeasured random confounding is increased, and external validity is affected by the many participants being censored due to lack of motivation (lost to follow-up). Further, the low number of hypothesized intensity and volume injuries included as outcomes of interest should also be considered, as it affects the power of the study and possibly introduces a type II error. The diagnostic criteria employed by the diagnostic team might also have caused a misclassification of injuries, because the standardized examination and diagnostic criteria are not validated. However, members of the diagnostic team were experienced musculoskeletal physical therapists. Further, both the standardized examination and diagnostic criteria could be considered evidencebased best practice.
The appropriateness of the study design should also be considered. Allocating study participants to running schedules with large progressions in running volume or intensity, disregarding what is considered appropriate training-load progression, cannot be justified. Therefore, an observational prospective cohort might be a sounder study design in future research.
There is a need for future biomechanical studies investigating changes in structure-specific loads in sagittal, frontal, and transverse planes of movement. In addition, these studies should incorporate comparable isolated changes in running speed and duration.
CONCLUSION
T he respective focus on intensity or volume of the running schedules did not result in more recreational runners sustaining intensity-related or volume-related RRIs. Therefore, the findings indicate that no difference in risk of intensity-and volume-specific RRIs exists between the 2 running schedules focused on intensity or volume progression. U
KEY POINTS FINDINGS:
The progressions of running intensity and running volume were not associated with a difference in the frequency of specific running-related injuries (RRIs) between groups. IMPLICATIONS: When choosing to modify training load to reduce the risk of a specific RRI, clinicians should consider modifying both running intensity and running volume, as the currently available evidence is both basic and exploratory. CAUTION: The low number of RRIs hypothesized to be associated with running intensity and running volume should be considered, as it affects the power of this study. The applicability of a randomized design should also be considered, due to the ethical aspect of prescribing running schedules with changes in training load that are currently considered unsafe. 
